Carotid artery atherosclerosis or stenosis is frequently present at the carotid bifurcation or the internal carotid artery, accounting for at least 20% of all ischemic strokes. High levels of serum total cholesterol and low-density lipoprotein cholesterol are established risk factors for genesis and progression of atherosclerotic lesions through various mechanisms. In addition, accumulating evidence has shown that a high level of triglyceride is associated with increased atherosclerosis risks. The so-called "vulnerable plaque" with a large lipid core, thin fibrous cap and intra-plaque hemorrhage tends to cause subsequent thromboembolic ischemic events. Statins are known not only to lower serum cholesterol levels but also to promote plaque stabilization via pleiotropic effects such as reducing subclinical systemic inflammation, endothelial activation, leukocyte intra-plaque infiltration, and increasing intimal smooth muscle cell migration. This article discusses the mechanisms of atherosclerosis formation induced by dyslipidemia and the role of lipid-lowering agents including statins in patients with symptomatic and asymptomatic atherosclerotic carotid artery stenosis.
INTRODUCTION
Carotid artery (CA) stenosis is caused by local thickening of CA wall due to atherosclerosis, and has a predilection for the CA bifurcation or the internal CA. The prevalence of significant CA stenosis is reported to be 7%-9% in the general population [1] . The high prevalence was observed in association with acute ischemic stroke (60%), coronary heart disease (18%), and atherosclerosis (11%) [2] . A thromboembolism from CA atherosclerotic plaque causes at least 20% of all ischemic strokes [3] . The progression of CA atherosclerosis was promoted by dyslipidemia, hypertension, smoking, diabetes, and certain hemodynamic features including turbulent blood flow or low wall shear stress [4] . Accumulating evidences indicate that symptomatic ≥ 70% CA stenosis should undergo expedited surgery, and most of the guidelines recommend carotid endarterectomy (CEA) within 2 weeks of minor ischemic strokes or transient ischemic attacks (TIAs). In contrast, some guidelines also recommend CEA for asymptomatic CA stenosis, but surgical or interventional therapies for asymptomatic CA stenosis are a weaker recommendation [5] . This is because recent advance in medical therapies has reduced the stroke risk in an asymptomatic CA stenosis. Indeed, a large prospective cohort study reported that asymptomatic ≥ 50% CA stenosis was associated with an annual rate of < 1% ischemic strokes [6] . According to meta-analyses, an annual rate of ischemic strokes in asymptomatic severe CA stenosis was decreased to 1.13% after 2000 with medical therapy alone, while that was 2.83% before 2000 [7] . The remarkable thing is that the time of decreases in ischemic stroke risks in CA stenosis overlaps with that of increases in modern intensive medical treatment including statin medications and the improved control of hypertension.
Several lipid-lowering agents such as a statin are well known to be effective for the primary or secondary stroke prevention [8] [9] [10] . Statin exerts not only lipid-lowering effects but also pleiotropic effects including the reduction of inflammatory reactions, endothelial cell (EC) activation, and smooth muscle cell (SMC) proliferation [11] . As for the association between statins and atherosclerotic CA stenosis, statins are well known to decrease CA intima-media thickness (IMT) [12] [13] [14] [15] , suppress CA plaque progression [16, 17] , and improve CA plaque vulnerability [18, 19] . This article focuses on mechanisms of CA atherosclerosis development, by which dyslipidemia induces, and discusses potential therapeutic roles of stains as well as non-statin lipid-lowering agents and non-drug therapies for atherosclerotic CA stenosis.
THE FORMATION OF ATHEROSCLEROTIC CA PLAQUE [Figure 1]
The mechanisms of atherosclerotic formation in CA are similar to those in other arteries. A hemodynamic shear stress triggers EC dysfunction and induces SMC accumulations in the subendothelial space, initiating atherosclerosis formation at arterial branch sites as intimal cell masses [20, 21] . Physical or metabolic injuryinduced disturbance of EC integrity makes ECs transduce hemodynamic stress into biochemical signals, which change the expressions of cell adhesion molecules (CAMs) and other cell surface receptors to alter blood cell adhesion [20] . Several mediators including reactive oxygen species induce CAMs such as intercellular adhesion molecule (ICAM)-1, vascular CAM (VCAM)-1, and endothelial-leukocyte adhesion molecules on ECs [21] . The first step of atherogenesis is that low-density lipoprotein (LDL) cholesterol (Cho) (LDL-C) enters into the subendothelial spaces, and is trapped by a high affinity to the glycoprotein molecules at the lesion [22] . Although LDL particles cannot penetrate the junctions between ECs due to their too large molecular size, most of circulating LDLs can be transported across the EC by receptormediated or nonspecific uptake into micropinocytic channels. Each EC has receptors for both LDLs and the modified forms. A free receptor modifies and oxidizes LDL into modified forms of LDL such as oxidized LDLs (ox-LDLs), and ox-LDLs promote transendothelial migration of monocytes into the subendothelial spaces, which is guided by chemokines. Moreover, ox-LDLs induce the differentiation of monocytes into macrophages. Macrophages develop receptors for ox-LDLs to become lipid-laden foam cells through the receptor-mediated incorporation of ox-LDLs [21] . Thus, Cho is trapped within the arterial walls, which is the hallmark of early-stage atherosclerotic lesion formation. Macrophage also induces local inflammatory reactions within the vessel walls, which are promoted by cytokines, activated helper T cells, and activators of scavenger receptors [23] . Accumulated lipid-laden foam cells in the tunica intima in the artery wall mature fatty streaks and produce a lesion, which is covered with a fibrous cap consisting of macrophages, SMCs, and extracellular matrix (ECM) components including collagen, elastin and proteoglycans [24] . The fibrous cap is a layer of connective tissues, and separates a lipid-rich core from arterial lumen, forming atherosclerotic plaques. When chronic inflammation is present, foam cells are persistently recruited, and apoptosis and ECM degradation by matrix metalloproteinases (MMPs) are promoted and associated with more necrotic environment within atherosclerotic plaques. As a result, atherosclerotic lesions are furthermore developed and matured.
CA PLAQUE VULNERABILITY
An atherosclerotic CA plaque consists of a lipid core with inflammatory cell infiltrations and a fibrous cap, and is classified into stable and unstable or vulnerable ones. A stable plaque is characterized by a thicker fibrous cap, which prevents plaques from rupture. In contrast, the characteristics of unstable or vulnerable plaque is intra-plaque hemorrhage and a large lipid core covered with a thin fibrous cap, which contains less ECM and SMCs, and is often associated with the infiltration of inflammatory cells and the secretion of MMPs and cytokines [25] . Several reports have shown that a rich network of small vessels, that is, vasa vasorum, is interweaved into the ECM of most of mature plaques [26] . Unstable or vulnerable plaque is more likely to rupture, causing thromboembolic strokes. Intra-plaque hemorrhage is also known as a predictor for thromboembolic strokes and the recurrence. As well, strong correlations are observed between intra-plaque hemorrhage and plaque rupture, and symptomatic CA stenosis was more frequently associated with intraplaque hemorrhage compared with asymptomatic CA stenosis (74% vs. 32%) [27] .
Many atherosclerotic mediators play a role in CA plaque vulnerability [28] [29] [30] . Morgan et al. [28] reported the relationships between MMPs-1 or -12 and CA plaque instability: MMP-1 was upregulated more in a CA plaque with a thin fibrous cap compared with that with a thick fibrous cap, and MMP-12 was induced more in a ruptured CA plaque than a CA plaque with no disruption of a fibrous cap. Montecucco et al. [29] demonstrated that the down-regulation of cannabinoid receptor type 2 that prevents neutrophil release of MMP-9 caused an increase in vulnerability in a symptomatic CA plaque. It was also found that antiapolipoprotein (Apo) A-1 auto-antibodies played a role in an increase in histological features of plaque vulnerability in severe CA stenosis [29] . More recently, Rao et al. [30] revealed that triggering receptor expressed on myeloid cells (TREM)-1 related to MMPs-1 and -9 was increased in a symptomatic CA plaque, suggesting a potential role of TREM-1 in CA plaque destabilization. 
DYSLIPIDEMIA AND ATHEROSCLEROSIS

Total Cho
Numerous epidemiology and clinical studies have demonstrated that dyslipidemia is a major risk factor for atherosclerosis formation [2, 21] . Hypercholesterolemia increases levels of cellular free Cho about 2-to 4-fold in vascular ECs [31] . As a result, a high level of free Cho in ECs induces changes in the plasma membrane Cho content and the composition of lipid rafts, leading to altering membrane function and therefore affecting cell function in SMCs [32] . High levels of free Cho also increase reactive oxygen species generation via various mechanisms [31, 33] . Increased reactive oxygen species generation causes EC dysfunction in terms of reducing nitric oxide bioavailability and uncoupling endothelial nitric oxide synthase (eNOS). In addition, hypercholesterolemia activates nicotinamide adenine dinucleotide phosphate (NADPH) oxidases, xanthine oxidases and myeloperoxidases, resulting in reactive oxygen species generation [21] . Hypercholesterolemia also promotes the secretion of a proinflammatory cytokine such as tumor necrosis factor-α, interleukin-1β, and interferon-γ, as well as mitochondrial and NADPH oxidase-generated reactive oxygen species [21] . In the presence of hypercholesterolemia, caveolin, an essential protein component of caveolae, binds to eNOS, leading to an inactivity of eNOS [21] .
LDL
LDL interactions with the endothelium have been closely associated with accelerated atherosclerosis [20, 21] . LDLs and ox-LDLs activate EC NADPH oxidases, generating reactive oxygen species [21, 33] . LDLs and ox-LDLs also cause increases in the binding of eNOS to CD36, and consequently the attenuation of eNOS activity and the displacement of the protein from EC caveolae are induced [34] . Additionally, the interactions between eNOSs and NADPH oxidases determine the production of nitric oxide and reactive oxygen species, because nitric oxide produced adjacent to NADPH oxidases is scavenged by reactive oxygen species [35] . Furthermore, native LDLs increase the expressions of ICAM-1, VCAM-1, and p-selectin [21] .
Triglyceride and TG-rich lipoprotein
Triglyceride (TG) is a major component of TG-rich lipoprotein (TGRL) including chylomicrons (CMs), very LDLs (VLDLs) and their remnants. TG and TGRL contribute directly to the development and progression of atherosclerotic plaque. While CMs and larger VLDLs cannot penetrate the arterial walls, their smaller TGRL remnants not only penetrate the arterial intima, but also promote the binding and retention to connective tissue matrix [36] . This transcytosis involvement in the transport system is restricted to a lipoprotein with a diameter of ≤ 60-70 nm. TGRL remnants carry about 40 times more Cho per particle compared with LDLs, due to their larger size [36] . Accumulation of CMs and VLDLs with abundant Apo E have been shown in an atherosclerotic plaque. Macrophages directly take up such particles, and resultantly have massive Cho loading, leading to the formation of foam cells.
TG and TGRL also accelerate the atherogenesis through an indirect mechanism, particularly that involving binding and lipolysis at the arterial walls [37] [38] [39] [40] . TGRL increases the production of reactive oxygen species, secretion of tumor necrosis factor-α, and expressions of CAMs [37] . A high level of TGs leads to TGRLs enriched with Apo C-III, and influences signaling pathways, which lead to activation of nuclear factor (NF)-κB and upregulation of inflammatory mediators, causing the development of fatty streaks and the advancement of atherosclerosis [38] . CM remnants migrate to the subendothelial space, activate leukocytes, and accelerate the formation of foam cells: CM also activates monocytes, and enhances migration of monocytes and postprandial neutrophils [39] . TG in the presence of an elevated concentration of VLDL generates small dense LDL, which is particularly atherogenic, since these particles are retained preferentially by the arterial walls. Furthermore, elevated TG is linked with procoagulant states by increasing factor VII, and activating factor VII phospholipid complexes, factor X, factor XII, tissue plasminogen activator inhibitor, and thrombin generation [21, 40] . The proatherogenic mechanisms associated with TG and TGRL are rather complicated and need to be further explored. However, current knowledge and accumulating evidences of clinical studies indicate that therapies lowering TG levels can be one of important treatment strategies to suppress atherosclerotic formation and ischemic stroke risks.
High-density lipoprotein Cho
High-density lipoprotein Cho (HDL-C) is potentially highly protective for atherosclerosis. HDL-C is classically known to reverse Cho transport: that is, HDL-C removes excess Cho from foam cells within peripheral tissues, and delivers it to liver for metabolism [41] . In addition, recent reports have shown that HDL-C exerts a lot of other functions, which reduce atherosclerotic development [41] [42] [43] . Beneficial effects of HDL-C against atherogenesis may come from its protective effects against the generation of reactive oxygen species and VCAMs [42] . Reconstituted HDL-C suppresses the activation of leukocyte NADPH oxidases [43] . The effects of HDL-C may contribute to protecting vascular injuries, resulting in the suppression of atherosclerosis. HDL-C inhibits the expressions of cytokine-induced CAMs, and then suppresses the adhesion of monocytes to ECs [44] . Paraoxonase-containing HDL-C suppresses oxidation of LDL-C, and prevents expressions of monocyte chemotactic protein-1 [45] . As well, LDL-C was reported to increase monocyte chemotactic protein-1 expressions and cause 7-fold increases in monocyte migration into the subendothelial space, whereas purified HDLs inhibited the monocyte migration by 91% [46] . HDL-C protects erythrocytes against the generation of procoagulant activity, and enhances anticoagulant activities of protein S [47] . HDL-C is also positively correlated with plasminogen activator inhibitor-1 activity [21] . Furthermore, HDL-C inhibits thrombin-induced binding of fibrinogen to platelets and suppresses the platelet aggregation [48] . Thus, HDL-C can reduce blood clot formation, and therefore high levels of HDL-C can prevent ischemic stroke.
DYSLIPIDEMIA AND STROKE
A high level of serum total Cho (TC) and LDL-C is well known to be major risk factors for ischemic stroke. LDL-C-lowering therapies have attracted extensive attention, and have been a cornerstone of the primary and secondary prevention for ischemic stroke [49] . Recently, higher TG levels also have been repeatedly reported to increase atherosclerotic risks [50] . A meta-analysis study was conducted to investigate the association between lipid levels induced by lipid-modifying drugs and stroke risks, and revealed that higher levels of TG at baseline had a higher incidence of ischemic stroke occurrence (adjusted relative risk, 1.05 per 10 mg/dL increase) in placebo groups in 64 randomized clinical trials [50] . In contrast, HDL-C levels are inversely associated with risks for the development of atherosclerosis and ischemic stroke . According to a systematic review of 18 prospective studies investigating relationships between HDL-C levels and stroke risks, each 10 mg/dL increase in HDL-C levels decreased risks for ischemic strokes ranging from 11%-15% [52] . Some reports suggested that the negative association between HDL-C levels and ischemic stroke risks is more dependent on HDL-C sub-fractions rather than total levels of HDL-C. HDL sub-fractions have been classified on their size and relative concentrations of Cho, and each sub-fraction is known to have different biological activities, biochemical properties, and vascular metabolisms [41, 53] . HDL-2 and HDL-3 are major circulating sub-fractions in the peripheral blood [53] . In contrast with HDL-2, smaller dense protein-rich HDL-3 appears to suppress oxidation of LDLs and thereby to prevent atherosclerosis [53] . It was demonstrated that HDL sub-fractions differently influenced CA diseases in the Northern Manhattan study: HDL-2 and plaque thickness were positively related, while HDL-3 and plaque area were inversely associated [54] . In another prospective study, however, small-size HDL-C and medium-size HDL-C were both associated with lower incidences of stroke occurrence, in particular as to lacunar infarcts and hemorrhagic strokes [55] . On the other hand, large-size HDL-C did not influence the stroke risks [55] . More studies are thus needed to clarify and understand the association between HDL sub-fractions and the risk of strokes. Another important finding is that lower levels of TC and LDL-C were associated with higher risks of intracranial hemorrhage [56, 57] . In a previous meta-analysis study, an inverse dose-response association was shown between TC levels and hemorrhagic stroke risks [odds ratio (OR), 0.85 per 1 mmol/L increase] [56] . A more recent systematic review also showed that hemorrhagic stroke was increased under low TC conditions: East Asian ethnic status favors the development of subarachnoid hemorrhage, and non-East Asian ethnic status is predisposed to intracerebral hemorrhage [57] .
As to the relationships between dyslipidemia and the subtypes of ischemic strokes, dyslipidemia has a stronger association with ischemic stroke due to atherosclerotic large artery diseases: it was reported that the association between Cho levels and risks of atherosclerotic stroke was the highest (OR, 3.2) [51] , and the findings were confirmed in other studies [49] . On the other hand, there are no or obscure associations between dyslipidemia and other ischemic stroke subtypes: an association between dyslipidemia and lacunar strokes was shown in some studies but not all studies [51] , and most studies failed to show any association of dyslipidemia with cardioembolic infarction [49, 51] .
DYSLIPIDEMIA AND CA STENOSIS
The risk factors for CA stenosis are similar to those for other vascular diseases, and the relationship between dyslipidemia and CA stenosis is well known. Mathiesen et al. [58] reported that TC, HDL-C (inversely), fibrinogen, systolic blood pressure, and current smoking were independent factors for the development of CA stenosis. The determinants of CA IMT were LDL-C levels, systolic blood pressure, body mass index and smoking in childhood, and systolic blood pressure, body mass index and smoking in adulthood [59] . Other previous studies reported that the progression of CA atherosclerosis was associated with a higher level of TC, LDL-C, or a lower level of HDL-C [60] . In patients with type 2 diabetes, regression of CA IMT was observed when LDL-C and systolic blood pressure were reduced to a lower target [61] . Several studies investigated if TG can be a risk factor for the progression of CA stenosis [60, 62] . In patients with diabetes, the CA atherosclerosis progression tended to occur more frequently when fasting TG levels were higher [60] . Recently, Kitagami et al. [62] reported that a higher level of TG was an independent risk factor for the progression of CA atherosclerosis in patients with moderate to severe CA stenosis who were treated with CA stenting (CAS), CEA, or other treatments under well-controlled LDL-C levels. The findings suggest that to control TG levels at least within the normal limits is an important management strategy for CA stenosis [62] . However, to our knowledge, no studies have revealed the relationships between the degree of changes in TG levels and the rate of CA IMT progression. It is expected that some studies investigate if therapeutic reduction of TG levels can suppress the risks of progression of CA atherosclerosis or stenosis.
LIPID-LOWERING AGENTS AND CA STENOSIS [Figure 2]
Statin
Statin inhibits the synthesis of Cho in liver and thereby increases the uptake of Cho by liver, resulting in a decrease in circulating lipid levels: thus, statin has been extensively reported to exert a lipid-lowering effect.
Experimental studies have demonstrated protective effects of statins on ischemic stroke [63] [64] [65] . For example, rosuvastatin upregulated eNOS and protected ischemic brain in middle cerebral artery occlusion (MCAO) mice [63] ; atorvastatin reduced brain edema via the suppression of aquaporin 4 expression in MCAO rats [64] ; and simvastatin protected cerebrum from ischemic and reperfusion injury by decreasing the expressions of Ca 2+ /calmodulin-dependent protein kinase II and aquaporin 4 in MCAO rats [65] .
In clinical settings, there are good evidences that statin reduces risks of ischemic strokes by about 30%, and that statins are effective for the primary prevention of ischemic strokes in the elderly and patients with diabetics, or hypertension [8] . In addition, statins are reported to have beneficial effects on the secondary prevention for TIAs and ischemic strokes: statin administration significantly reduced the risk of fatal or nonfatal strokes by 16% [9] and prevented the development of atherothrombotic infarction even after adjusting LDL-C levels at baseline [adjusted hazard ratio (HR), 0.39]
[10] . The American Heart Association guideline states that statin treatment is reasonable for reducing LDL-C levels to less than or equal to 70 mg/dL in a patient with an atherosclerotic disease at the extracranial CA or vertebral artery who has sustained ischemic strokes [66] .
Statins are well known not only to decrease IMT and to suppress plaque progression in the CA, but also to improve plaque vulnerability in the CA as described below. These effects might be exerted by their pleiotropic effects, which include the inhibition of subclinical systemic inflammation, EC activation, and intra-plaque infiltrations of leukocytes, as well as an increase in protective SMC migration into plaques [11] .
Statin and CA IMT
Stains were for the first time reported to play a role in reducing CA IMT in coronary heart disease patients with hypercholesterolemia [12] . After that, several randomized clinical trials revealed that statins have beneficial and preventive effects against the progression of CA IMT [13] [14] [15] . According to meta-analyses of 7 clinical trials of statins, statin treatments contributed to a mean of -0.012 mm/year reduction in CA IMT [13] . In the subsequent meta-analyses of 11 clinical trials of statins, the mean differences of changes in carotid IMT between statin and placebo therapies were -0.040 mm/25.6 months (P < 0.001) [14] . As regards dosages, intensive lipid-lowering treatments may result in a more regression of CA IMT compared with moderate lipid-lowering treatments in patients with familial hypercholesterolemia [67] .
Statin and CA plaque volume
Ainsworth et al.
[17] used 3-dimensional ultrasound scans and evaluated CA plaque volume after 3 months treatment with randomly assigned placebo or 80 mg/day of atorvastatin in 38 patients with asymptomatic > 60% CA stenosis: atorvastatin treatments decreased the plaque volume, although placebo treatments caused a tendency for the plaque volume to increase. Corti et al. [16] used magnetic resonance imaging (MRI), and found that 2 years simvastatin treatments induced a significant regression in an asymptomatic plaque in both aorta and CA in hypercholesterolemic patients. In regard to dosages, the same group investigated effects of doses of 20 or 80 mg/day simvastatin treatments for a mean follow-up of 18.1 months on CA plaques in 51 patients, and showed no differences in vessel wall changes between the two dosages [68] . In another clinical trial, 43 patients with asymptomatic 16%-79% CA stenosis were treated with randomly assigned low (5 mg/day) or high (40 or 80 mg/day) dosages of rosuvastatin for 2 years, and showed no changes in CA plaque volume between the 2 treatment groups on duplex ultrasound [69] . In the trial, however, all plaques with a lipid-rich necrotic core at baseline were decreased by a mean of 41% with the statin treatments [69] . It was also demonstrated in patients with 24 statin-naïve newly diagnosed stable coronary artery diseases that 3 months open-label statin treatments induced a 3.1% reduction in the carotid plaque index (normalized vessel wall area) [70] .
Statin and CA plaque vulnerability
The relationships between statin treatments and CA plaque vulnerability were investigated previously [18, 19] . Tang et al. [18] estimated the extent of inflammations in CA plaques using ultra-small supermagnetic iron oxide enhanced carotid MRI, which visualizes the infiltrations of macrophages in human CA atheroma in vivo, and reported that 3 months treatments with a high dose (80 mg/day), but not a low dose (10 mg/day) of atorvastatin decreased intra-plaque inflammations. Mujaj et al. [19] reported that high-dosage statins have beneficial influences on the compositions of CA atherosclerosis: that is, statins shifted vulnerable plaques with a lipid core to more stable calcified plaques. Lenglet et al. [71] revealed that statin treatment reduced serum levels of neutrophilic products, receptor activator of NF-κB ligand/osteoprotegerin ratio, osteopontin, and MMP-9 /pro-MMP-9 activity in severe CA stenosis patients having no history of ischemic stroke. Moreover, CA plaques on statin therapy exhibited an increase in collagen, and reduced levels of neutrophil infiltration and MMP-9 compared with untreated patients with asymptomatic severe CA stenosis [71] .
Statin in CEA and CAS
Statin therapy is reported to reduce perioperative risks of ischemic stroke, and to improve clinical outcomes in patients with CA stenosis undergoing CEA and CAS [72] . McGirt et al. [72] investigated effects of statin treatment on the incidences of perioperative strokes and mortality in 1,566 patients with CA stenosis undergoing CEA, and showed that statins had a benefit to reduce perioperative strokes, TIAs and allcause mortality related to CEA. In the report, the usage of statins independently reduced the odds of stroke threefold (OR, 0.35) and death fivefold (OR, 0.20) [72] . Periprocedural usage of statins may be more beneficial in patients with CA stenosis undergoing CAS, as high-pressure balloons and stents are applied during CAS and therefore thromboses and inflammations are likely to be developed within the vessel walls after CAS. Tanemura et al. [73] investigated the association between cerebral embolisms related to CAS and CA plaque characteristics using 3-dimensional T1-weighted gradient echo MRI, and revealed that vulnerable and large CA plaques had high risks for cerebral embolisms during CAS. In a recent meta-analysis of 8 studies that investigated effects of pre-CAS treatments with statins on periprocedural adverse events, statin treatments statistically reduced periprocedural risks of ischemic strokes (OR, 0.39) and death (OR, 0.30) in CA stenosis patients treated with CAS [74] .
OTHER LIPID-LOWERING AGENTS [Figure 2]
Classical non-statin lipid-lowering agents including niacin acids, fibrates and omega-3 fatty acids can improve lipid profiles. However, the benefit of these non-statin lipid-lowering agents has not been well established for the primary and secondary prevention of strokes. A meta-analysis including 78 clinical trials revealed that non-statin lipid-lowering agents such as fibrates, diet and other treatments did not reduce the risks of strokes (fibrates: OR, 0.98; diet: OR, 0.92; other treatments: OR, 0.81) [75] .
Niacin can reduce peripheral blood levels of TG by approximately 35%, decrease LDL-C levels by 10%-15%, and increase HDL-C levels by up to 25% [76] . Niacins may also enhance a beneficial effect such as vasoprotection and anti-inflammatory actions independent of its lipid-modifying activities [76] . Although Villines et al. [77] revealed the regression of CA IMT thickening induced by niacin, its beneficial effects on the reduction of ischemic stroke risks remain uncertain. In a meta-analysis of 11 clinical studies including 9,959 patients, no significant association was found between niacin therapy and the risks of strokes (OR, 0.88) [78] .
Fibrate also lowers TG levels and increases HDL-C levels. Fibrate furthermore may exert pleiotropic effects via regulating the interaction with peroxisome proliferator activated receptor (PPAR) alpha, which influences vascular inflammation and thrombogenesis [79, 80] . However, it is uncertain if fibrates can reduce risks of stroke event. In the clinical trial consisting of 2,531 men with coronary artery diseases and low levels of HDL-C, benzofibrate showed a 31% reduction in the risks of stroke [79] . On the other hand, a meta-analysis including 18 clinical trials with 45,058 patients showed no preventive effects of fibrates on stroke development [80] . Recently, pemafibrate has been drawn attention to as a novel selective PPAR alpha modulator. In the phase III clinical trial, pemafibrate significantly reduced TG levels from baseline by up to 45% with low incidence rates of adverse drug reactions [81] . In addition, the combination therapy of pemafibrate with pitavastatin exerted a robust reduction in a fasting level of TG by about 50% compared with the statin-monotherapy [81] . Another trial is ongoing to investigate the efficacy of pemafibrate on cereberovascular outcomes in patients with diabetes, and the results are awaited. It will be also necessary to verify whether pemafibrate has beneficial effects on the primary and secondary prevention of strokes in patients with CA stenosis.
Omega-3 polyunsaturated fatty acids (PUFAs), eicosapentaenoic acids (EPAs) and docosahexaenoic acids (DHAs) are approved as an adjunct to diet for lowering plasma TG via multiple metabolic pathways [82] . In a previous randomized clinical trial, 114 patients awaiting CEA were randomized to 3 groups taking placebo, fish oils (n-3 PUFA), and sunflower oils (n-6 PUFA): CA plaques in the n-3 PUFA treatment group had higher proportions of EPAs and DHAs, reduced infiltration of monocyte and macrophage, and a thicker fibrous cap compared with other groups [83] . In another randomized clinical trial including 121 patients awaiting CEA, the proportion of EPAs was higher in CA plaques treated with n-3 PUFAs compared to placebo [84] . The remarkable thing is that the EPA content in plaque phospholipids had inverse association with plaque instability, plaque inflammation, and the number of T cells in the plaques [84] . CA atherosclerotic plaque in patients treated with n-3 PUFAs showed a lower level of messenger ribonucleic acids (mRNAs) for MMPs-7, -9, -12, interleukin-6 and ICAM-1 [84] . Thus, the stability of plaques by increased n-3 PUFAs intake may induce the reductions in the risk of ischemic stroke.
Ezetimibe prevents the absorption of Cho from intestines, and therefore reduces a level of TC. In the clinical trial including 18,144 patients hospitalized for acute coronary syndrome, the combination therapy of 10 mg/day ezetimibe with 40 mg/day simvastatin resulted in a significant reduction in stroke risks (HR, 0.936) [85] . Furthermore, in patients stabilized after acute coronary syndrome, the addition of ezetimibe to simvastatin reduced the incidence of ischemic strokes (HR, 0.52): the preventive effects on ischemic strokes were remarkable in patients with prior strokes [86] . Cholesteryl ester transfer protein (CETP) inhibitors increase a level of HDL-C, and some of them decrease levels of LDL-C and TG in addition to increasing HDL-C [87] . However, the first clinical trial to investigate the effects of torcetrapib on atherosclerotic events was halted because of statistically higher incidences of death: hypertension due to activation of the renin-angiotensin-aldosterone system was considered to be a cause of the adverse events [87] . In the subsequent randomized clinical trials of CETP inhibitors including dalcetrapib [88] and evacetrapib [89] , serious off-target adverse events did not occur, but no risk reduction for cardiovascular events was revealed. In a more recent randomized clinical trial [90] , ≥ 4 years anacetrapib treatments significantly prevented the development of coronary artery events (HR, 0.91) associated with no increased risks of death, cancer, and other serious adverse events. It is necessary to examine whether CETP inhibitors are effective for preventing stroke.
Proprotein convertase subtilisin-kexin type 9 (PCSK9) is a hepatic protease, which decreases receptors for LDL in liver and causes an increase in the plasma concentration of LDL-C. A monoclonal antibody inhibitor of PCSK9 is a novel lipid-lowering agent, which has been reported to suppress LDL-C levels by 60%-70% in patients taking a statin [91] [92] [93] . A meta-analysis of 24 randomized clinical trials including 10,159 patients reported that a PCSK9 inhibitor significantly reduced all-cause mortality (OR, 0.45) and myocardial infarction (OR, 0.49) [91] . In a randomized clinical trial including 4,465 patients, evolocumab decreased LDL-C levels by 61% as well as the incidence of cardiovascular events (HR, 0.47) [92] . However, evolocumab treatment exhibited neurocognitive adverse events more frequently compared with the control group regardless of LDL-C levels during the treatment [92] . Another phase III randomized clinical trial including 2,341 patients with high risks for cardiovascular events revealed that alirocumab treatment induced a 62% reduction in a level of LDL-C, which in turn reduced a major adverse cardiovascular event compared with placebo treatment (HR, 0.52) [93] . However, alirocumab treatment did not decrease risks of ischemic strokes, and rather had higher rates of injection-site reactions, myalgia, and neurocognitive side effects including memory impairments, confusional states and ophthalmologic events [93] . The mechanisms of neurocognitive changes associated with PCSK9 inhibitors are not certain and the future clarification is required.
Randomized clinical trials have not been conducted and are needed to test the safety and efficacy of nonstatin lipid-lowering agents as add-on treatments to a statin in patients with CA stenosis.
NON-DRUG THERAPIES
In addition to medications, lifestyle changes are a requisite component of lipid-lowering therapies, including diet and exercise. According to the 2016 guidelines of the European Society of Cardiology and the European Atherosclerosis Society for the management of dyslipidemia, diet should include a reducing intake of saturated fats and increasing intake of polyunsaturated and monounsaturated fats, cereals, fruits, vegetables and fat free dairy products [94] . In addition, patients with a body mass index greater than 25 kg/m 2 should follow lowcalorie diets. Moreover, at least 30 min a day of moderate-intensity aerobic activity for five days a week are recommended. The intake of dietary fiber, monounsaturated and PUFAs has been reported to decrease stroke risks by reducing LDL-C and postprandial lipids levels with some discrepancies [95] . Habitual exercise has also been revealed to have beneficial effects on risk factors of stroke, including hypertension, dyslipidemia, diabetes and body weight: moderate or high exercise was associated with a significant reduction in the incidence of stroke or its mortality [96] . However, there is no evidence from published randomized controlled trials to support the secondary stroke prevention associated with post-stroke diet and exercise.
CONCLUSION
Dyslipidemia is a major player in the formation and progression of CA atherosclerosis. Statins can improve serum lipid profiles and are beneficial for both of the primary and secondary prevention of ischemic stroke. In addition, statins exert beneficial effects on CA plaque stability as well as regression of CA IMT and plaque volume, causing reduction in the risk of perioperative complications related with CAS and CEA. Nonstatin lipid-lowering agents may have adjunctive effects as an add-on treatment to statin, and are expected further to suppress atherosclerotic CA diseases and to reduce stroke risks. However, the widespread effects of lipid-lowering agents on serum lipid profile and atherogenesis have not been fully elucidated. Further investigations to reveal the mechanisms of the effects and the randomized clinical trials to test the safety and efficacy of lipid-lowering agents are needed in patients with CA stenosis.
